The species and population dynamics of insect pests of soybean (Glycine max (L.) Merrill) have changed dramatically in the north central region of the United States (15, 54) . The bean leaf beetle (Cerotoma trifurcata Forster) has become a prominent pest of soybean, but the most dramatic change was the introduction of the soybean aphid, Aphis glycines Matsumara. A. glycines was observed in Wisconsin during the summer of 2000 and has expanded its range to most soybean-growing regions in North America (1, 57, 60) . Grain yield is reduced by A. glycines by direct physiologic stress (38) and indirectly by transmitting Soybean mosaic virus (SMV) and other soybean viruses (10, 22, 57, 60) . Intense feeding by A. glycines causes symptoms of chlorosis, rolled leaves, stunted plants, early maturity, defoliation, and sooty mold growth (Capnodium spp.) on honeydew excreted by the aphids (58, 60) . A. glycines is the first aphid species capable of colonizing soybean to establish in North America (1, 45) . It is a vector of SMV in China (60) and has been reported to transmit North American isolates of SMV in controlled experiments (10, 13, 22) .
The role of A. glycines in natural epidemics of SMV has not been determined in North America. Epidemiological models for SMV use daily alate aphid flight data to predict the incidence of SMV (31, 46) . Because the apterous form of A. glycines reaches high population densities, current epidemiological models developed for SMV and alate aphid species may not be appropriate.
Current SMV epidemiological models were developed prior to the adoption of glyphosate-resistant soybean varieties. Glyphosate-resistant soybean varieties have been integrated with changes in soybean management practices such as decreasing row space from 0.76 to 0.18 m, reduced or no tillage, and earlier planting dates (3) . Alteration of the canopy by herbicides, insects, and fungal pathogens has been shown to be related to yield (18, 40, 41) . Evidence thus far has not linked the application of glyphosate to glyphosate-resistant soybean to diseases caused by fungi and nematodes (4, 7, 8, 27, 32, 36, 40, 49, 59) , but the effect of glyphosate application on viral diseases has not been investigated. It is unknown whether soybean canopy alteration due to pesticide application modifies vector activity and virus epidemiology.
Herbicides that have been shown to alter plant-virus interactions include synthetic auxins (2,4-D) (9) , microtubule inhibitors (trifluralin) (28) , and photosystem II inhibitors (metribuzin) (11) . It was unknown if herbicides used widely in soybean production can alter the epidemiology of SMV, an economically important virus in soybean (51) . Glyphosate and imazamox were selected for this study based on their anticipated effect on canopy structure (12, 17) . Glyphosate applied to a glyphosate-resistant soybean should have no effect on the canopy (44) , whereas imazamox may cause chlorosis, limited necrosis, and shortened internodes for a limited period of time (50) .
The effect of soybean canopy closure and plant height on aphid landing rate varies by aphid species (5, 19) . However, it was not known whether a soybean canopy treated with insecticide and herbicides would alter the immigration and colonization of aphids and the frequency of subsequent virus transmission. The objectives of this study were to characterize the effects of insecticide and the herbicides glyphosate and imazamox on (i) soybean canopy development, (ii) aphid landing rates, (iii) the seasonal progress of SMVinfected plants, and (iv) yield and seed quality.
MATERIALS AND METHODS
Agronomic protocol. AG2101, a glyphosate-resistant soybean variety (Asgrow; Monsanto, St. Louis, MO), was chosen because of its previous field performance of high incidence of SMV-infected plants, high foliar symptom severity, high incidence of seed coat mottling, and reduced grain yield in the presence of vectors and SMV. Aphid incidence. The spread of SMV within plots was dependent on naturally occurring populations of aphids. Aphid landing rates were monitored using horizontal mosaic green pan traps filled approximately 2.5 cm deep with 50% propylene glycol and water (30) . These traps provide an unbiased estimate of the landing rate of aphid species within a soybean canopy (30) . One trap was placed in the center of each of 24 subplots, and height was adjusted to within 0.5 m above the canopy throughout the growing season. In the event of rain, irrigation, or pesticide application, traps were reset after the disturbance event. Aphids were removed from the traps daily and stored in 2.0-ml flatbottomed microcentrifuge tubes (Labsource, Chicago, IL) in 70% ethanol until identification and enumeration. The number of aphids was recorded, but only A. glycines was identified to species. A. glycines was identified by key traits that separate them from closely related species (55 Colonization by A. glycines was monitored following its initial appearance. In 2001, one insecticide-treated and one noninsecticide-treated subplot were selected using a random number generator (Minitab) from the herbicide treatments in each block. The numbers of aphids on the youngest fully expanded trifoliate of 10 plants per subplot were rated on a 0 to 5 scale, where 0 = 0 aphids, 1 = 1 to 10 aphids, 2 = 11 to 25 aphids, 3 = 26 to 99 aphids, 4 = 100 to 200 aphids, and 5 = >200 aphids per trifoliate. This rating scheme was used on 191 JD. From 200 to 222 JD, the upper two trifoliates were rated. From 226 to 240 JD, the fourth trifoliate from the top was rated. The location of sampling on the plant was altered throughout the season to adjust for the location of aphid colonization. At the beginning of the colonization events, the uppermost leaves in the canopy were the most colonized, whereas later in the growing season, aphids moved lower in the canopy (45) . In 2002, the total number of aphids on five plants in each subplot was estimated, except on the last sampling date, 224 JD, where only three plants per subplot were assessed. The total number of aphids per plant was used to place the individual plants into the categories used in 2001. To calculate the colonization index, the number of plants in each category was multiplied by the category number (0 to 5), and the results were summed for each subplot on each date. This index was used for statistical analysis.
Virus incidence. The incidence of SMV-infected plants was monitored during the growing season using immunological methods. Plants were sampled at growth stages V3, V5, R1, R4, R5, and R6 ( The row where the aphid trap was located and the rows immediately bordering the trap row were not sampled to minimize any effects of walking to the trap each day. Samples were taken in two rows on either side of the trap and bordering rows, for a total of four rows sampled. Leaflets were collected from the center 6 m of each sampling row to minimize edge effects and maximize sampling intensity (2, 23) . Leaflets were sampled from rows at approximately regular, arbitrary intervals without evaluating whether the plant was symptomatic. Samples were chilled on ice, stored at 4°C, and individual leaflets extracted using a leaf press (Ravenel Specialties Corp., Seneca, SC) and 1 ml of phosphate buffered saline (0.15 M PBS, pH 7.2; Agdia, Inc., Elkhart, IN). Sap was placed in 1.5-ml polypropylene microcentrifuge tubes (Labsource), frozen at -20°C for storage, and assayed using a biotin-avidin doubleantibody sandwich enzyme-linked immunosorbent assay (ELISA) with anti-SMV monoclonal antibody S4 (1.0 µg/ml) as the capture antibody (24) , and biotinylated polyclonal anti-SMV antibody (0.5 µg/ml) as the secondary antibody. Alkaline phosphatase conjugated Extravidin (1:10,000) (Sigma Chemical Co., St. Louis, MO) was followed by p-nitrophenyl phosphate (1 mg/ml). Samples were diluted 1:5 with PBS to a final volume of 100 µl in a 96-well polystyrene microtiter plate (ProBind, Becton-Dickenson, Franklin Lakes, NJ). Positive, negative (healthy, greenhouse-grown soybean leaf tissue), and buffer controls were included on each plate. Samples with absorbance values (405 nm) that exceeded the mean plus two standard deviations of the negative control were regarded as positive. Any samples with questionable absorbance values were tested again.
Agronomic variables and seed quality. Subplots were harvested 291 JD, 2001, and 281 JD, 2002, and yields were adjusted to 13% moisture content. Six 100-seed subsamples were collected from harvested grain from each subplot to estimate the incidence of seed with mottled seed coats (39, 47) . The seed transmission of SMV was determined for 400 seeds per subplot. According to calculations where the probability of finding one or more positive plants = 1 -[(1 -probability of transmission) n ], where n = number of seeds tested, a sample of 400 seeds provides 98% confidence of detecting a 1% seed transmission rate, 87% confidence of detecting a 0.5% rate, and 67% confidence of detecting a 0.1% transmission rate (52) . Seedlings were grown in a controlled environment facility (Biotron, University of WisconsinMadison, Madison) at 24°C for 2 to 3 weeks to reach growth stage V1 to V2. Seeds were planted in flats approximately 2.5 cm deep in Superfine Germinating Mix (Conrad Fafard, Inc., Agawam, MA). The number of seedlings that emerged was counted. Leaves from seedlings with symptoms indicative of virus infection were collected for ELISA confirmation of SMV status. In addition, 10 arbitrarily selected asymptomatic seedlings per flat were tested for SMV. Previous studies and prior experience with variety AG2101 had determined that seedlings without typical virus-like symptoms were not infected with SMV. No asymptomatic, SMVinfected seedlings were observed from these subsamples. Seed transmission was calculated as the number of SMV-positive seedlings divided by the number of seeds that emerged.
Statistical analysis. All statistical analyses were performed with Statistical Analysis System (SAS) for Windows v. 8.2 (SAS Institute Inc., Cary, NC). Means and standard errors were generated with PROC MEANS. Models for continuous variables were analyzed with PROC GLM. Degrees of freedom were: block (replication) = 3, treatments (insecticide) = 1, error main plots (replication × insecticide) = 3, subplots (herbicide) = 2, subplots × treatment (herbicide × insecticide) = 2, error subplots (replication × insecticide × herbicide) = 12, and total degrees of freedom = 23. Percentage and count data were analyzed with PROC LOGISTIC. Binary data were analyzed with PROC GENMOD with a binary distribution and a logit link function. Repeated measures comparisons were analyzed with PROC MIXED and an AR(1) error term. Pearson correlations were generated with PROC CORR. 
RESULTS
Canopy development. Plant height was used as a measure of canopy development. Leaf area index (LAI), a measure of canopy density, was also used to assess the effects of insecticide and herbicide application on canopy development. Soybeans treated with insecticide had significantly increased LAI, as compared to soybeans not treated with an insecticide, in 2001 (RMA, P < 0.001, Fig. 2A Fig. 3A ) and 2002 (77% of total aphids landing, Fig. 3B ). Aphids of other species were enumerated, but not identified ( Fig. 3C and D) . In 2001, the first A. glycines arrived on 180 JD, and a small peak in landing rate of seven aphids per trap occurred at 205 JD (Fig. 3A) . The major peak in aphid flight occurred between 211 JD and 231 JD, at approximately the R1 growth stage (Fig. 3A) . In 2002, similar trends in aphid landing rates were observed. A. glycines was detected in the traps on 157 JD, followed by a minor peak of one aphid per trap around 197 JD (Fig. 3B) . The major peak in aphid flight occurred 213 JD to 223 JD, at approximately the R3 growth stage (Fig. 3B) The landing rate of A. glycines was significantly greater in plots treated with insecticide in 2001 (RMA, P < 0.001; Fig.  4A ). The opposite occurred in 2002, and the landing rate of A. glycines was significantly less in the insecticide-treated plots (RMA, P < 0.001; Fig. 4B ). Herbicide treatments did not affect landing rates in 2001 (RMA, P > 0.500) or 2002 (RMA, P > 0.500). The landing rates of aphid species other than A. glycines were not significantly affected by insecticide or herbicide in either year (data not shown).
Aphid landing rates.
Colonization by A. glycines. Insecticide treatments decreased colonizing aphid populations in both years ( Fig. 5A and B) . Herbicides had no effect on colonizing populations in either year (data not shown). The absolute number of colonizing aphids in each year cannot be directly compared due to different methods of assessing populations, but in 2001 the number of colonizing aphids was visually greater than in 2002.
Incidence of virus-infected plants. Prior to the major flight of A. glycines, there was an incidence of 0.3 to 3% SMVinfected plants per subplot between 183 JD to 200 JD, 2001 (Fig. 6A) . After the initial aphid flights, incidence of SMV-infected plants increased to 80% by 231 JD. The most rapid advance in incidence of SMVinfected plants occurred in a period of 18 days, from growth stage R1 to R4 (200 JD to 218 JD). Incidence reached 100% by growth stage R5 on 240 JD (Fig. 6A) . The increased incidence of SMV-infected plants occurred in conjunction with increased activity of A. glycines (Fig. 6A) . In 2002, similar trends were observed for the seasonal incidence of SMV-infected plants. Prior to the major aphid flight, there was a 1% incidence of SMV per subplot (Fig.  6B) . After the beginning of the aphid flight, the incidence of SMV increased to 20% by R4 on 214 JD, and then reached a plateau of 44% at growth stage R5 on 236 JD (Fig. 6B) . The incidence of SMVinfected plants did decrease at the last sampling date in both years.
The incidence of SMV was not altered by insecticide in 2001 (RMA, P > 0.500; Fig.  7A ). In 2002, the incidence of SMV was decreased in insecticide-treated plots (RMA, P = 0.001; Fig. 7B ). The final incidence of SMV was not altered by herbicide application in 2001 (P > 0.500; Fig. 7C ). However, during the greatest period of increase in the incidence of SMV at growth stage R4 (218 JD), there were fewer SMVinfected plants in imazamox-treated plots as compared to the control or glyphosatetreated plots (P = 0.024; Fig 7C) . Again in 2002, imazamox-treated soybean plants had a reduced incidence of SMV prior to growth stage R5 (226 JD) as compared to the control and glyphosate-treated plots (P = 0.002; Fig. 7D ), but the final incidence of SMV at growth stage R6 (247 JD) was equal among the herbicide treatments.
Agronomic and seed traits. In 2001, soybean yield was not altered by insecticide application (P > 0.500; Table 1 ). Treatment with imazamox decreased yield 220 kg/ha as compared to the control (P = 0.012; Table 1 ). Yield was not correlated with the incidence of SMV on any date (P > 0.500 all sampling dates). In 2002, soybean yield was greater in plots treated with insecticide (P = 0.002; Table 1 ). Herbicide treatment had no effect on yield (P > 0.500; Table 1 ). Yield was negatively correlated with the incidence of SMV on 236 JD (Pearson correlation = -0.654, P = 0.001) and 247 JD (Pearson correlation = -0.728, P < 0.001). Correlations at other dates were not significant (P > 0.050).
Seed quality was assessed by the amount of seed mottling, seedling emergence, and seed transmission of SMV. The mean incidence of seed with mottled seed coats was 98% and was not affected by insecticide application in 2001 (P > 0.500), but was increased with imazamox and glyphosate treatment (P < 0.001; Table  1 ). In 2002, the incidence of seed coat mottling was 27%, and neither insecticide (P = 0.187) nor herbicide (P = 0.441) had a significant effect (Table 1) .
Seed was collected from plants each year to determine if insecticide and herbicide treatments would alter seedling emergence. Seedling emergence was 87% in 2001, and was not altered by insecticide (P = 0.263) or herbicide treatment (P = 0.101). In 2002, seedling emergence was 69%, and was not altered by insecticide (P > 0.500) or herbicide application (P = 0.101).
Seed transmission of SMV was also measured, as the primary source of inoculum each year comes from seed. In 2001, seed transmission of SMV was 1.0%, and was not altered by insecticide (P = 0.339) or herbicide (P = 0.462) application. In 2002, seed transmission of SMV was 0.09%, and was not affected by herbicide (P > 0.500) or insecticide (P > 0.500) application.
DISCUSSION
Data acquired from 2 years of field studies provide evidence that A. glycines transmits SMV in natural epidemics. This conclusion is based on the following results. A. glycines was the predominant aphid species trapped during two growing seasons, and for each season, a rise in SMV-infected plants coincided with increased migration of A. glycines into the soybean canopy. Previous data also support the conclusion that A. glycines is a vector of SMV (14, 22, 37, 61) . A. glycines has been reported to transmit SMV in controlled transmission studies (10, 22) , but our experiments are the first to monitor the activity of A. glycines and SMV in natural epidemics in North America. Although the timing of alate appearance in traps and the peak of landing rate were similar both years, a greater number of alates were trapped in 2001 as compared to 2002. The final incidence of SMV-infected plants reflected the differences in number of alate A. glycines.
The role of colonizing aphids in the transmission of SMV is unknown. Statistical models have been developed which can predict the rate of SMV spread based on the number and species of alate aphids landing in the soybean canopy (46) . Each aphid species is assigned a number reflecting its vector propensity (20, 46) . A. glycines was the dominant aphid trapped in both years of this study, although other aphid species were present in low numbers. Epidemiological models were developed before the arrival of a colonizing aphid, and it was not known what effect a colonizing aphid would have on the spread of SMV. Flights of alates are preceded by colonization events, and although apterae are not efficient vectors (57) and do not move from plant to plant as frequently as alatae, the number of colonizing aphids feeding and the production of alate aphids by the colonizing population could be important in virus spread.
The arrival of A. glycines in the north central United States raised immediate concerns that SMV and other aphidtransmitted viruses could become problematic to soybean production. The effectiveness of insecticides for the control of a nonpersistent virus by a colonizing aphid in soybean was unknown. Also, it was unknown what effect recent alterations in soybean management, particularly the use of herbicides, would have on virus epidemiology. We attempted to alter the canopy of soybeans with insecticide and herbicides, and to measure the effect of management practices on alate A. glycines landing rate, colonizing aphid populations, virus incidence, yield, and seed quality. Although insecticide did decrease the number of colonizing aphids, it did not completely eliminate them. When the number of colonizing aphids was managed by the use of insecticide, plant height was increased in both years of the study, and canopy density increased in 2001. We cannot discriminate between alate aphids moving between fields and those produced within the field using the pan traps, but it is reasonable to assume there are more alates produced in plots with more colonizing aphids. In 2001, the number of aphids landing in insecticide-treated plots was greater than those landing in plots not treated with insecticide. This may be due to differences in the canopy. There were a great number of aphids, and a thicker canopy may have been attractive to local and migrating alates. Aphids are generally attracted to edge areas and less developed canopies (5, 19, 29) . However, Aphis spiraecola Patch and Myzocallis punctatus Monell land more frequently in a more dense canopy (19) . In 2002, there were fewer alates overall, and the majority of migrants detected may have been traveling shorter distances. This would explain why there were more alates within the plots with more apterae (non-insecticide-treated plots).
The 2 years of this study were very different in terms of the density of alate and colonizing populations of A. glycines. The incidence of SMV increased from 3 to 80% in 18 days in 2001, and from 5 to 20% in 9 days in 2002. The incidence of SMV then doubled from 20 to 40% in 12 days in 2002, with relatively low aphid populations. We observed a decrease in the detection of SMV on the last sampling date in both 2001 and 2002. It is not known why this occurred, but we postulate the virus may have been more difficult to detect in older leaf tissue. There was no difference in the progress of SMV incidence in 2001 due to insecticide treatment. The system may very well have been overwhelmed, whereas in 2002 there was less inoculum (1% versus 2.5% in 2001) and fewer aphids, allowing us to more closely follow the progress of the epidemic. Further investigation into how canopy structure influences the movement of A. glycines may be valuable in the development of management strategies.
We were particularly interested in whether the herbicides glyphosate and imazamox would alter the epidemiology of SMV. The application of herbicides did not affect the landing rates of aphid species or the number of colonizing aphids in either 2001 or 2002. There were no height or LAI differences due to herbicides at the time of peak aphid flight. Glyphosate treatment did not alter the epidemiology of SMV. However, imazamox slowed the increase of SMV in both years in this study. Additional field and laboratory experiments suggest imazamox may slow or prevent infection of the soybean plant with SMV (34) . Imazamox blocks amino acid synthesis and subsequently the synthesis of DNA and stops cell division, inhibits transport of photosynthate out of the leaves to the roots, decreasing protein synthesis and transpiration (50) . These processes could directly affect replication, encapsidation, and movement of a virus. However, imazamox is most active within the plant from 12 to 24 h after application (50) , and these plants were sprayed at V3, a month before peak aphid activity and virus spread. The mechanism by which imazamox may alter the plant-virus interaction is unknown.
Yield and seed quality, including seed transmission, are of primary importance as we assess the effects of A. glycines on the soybean plant. Yield was not affected by insecticide in 2001, but insecticide increased yield by 460 kg/ha in 2002. Other studies in Wisconsin at this time with similar aphid populations, but less SMV inoculum, found a yield benefit with insecticide application. The lack of a yield benefit in our study in 2001 may have been due to the high incidence of SMV, which was 100% by growth stage R5. SMV has been shown to reduce yield in many studies (42, 53) . An alternative explanation is that insecticide was not applied at ideal intervals to control peak A. glycines populations and receive a yield benefit.
Seed quality was assessed by the amount of seed coat mottling and the incidence of seed transmission of SMV. Seed coat mottling decreases the value of food grade seed and can indicate infection of the mother plant with viruses such as SMV (15, 26, 33) . Insecticide and herbicide did not consistently alter the incidence of seed coat mottling. Seed transmission of SMV was essential to determine because it provides the primary inoculum source for SMV each field season (25) . Seed transmission of SMV in both 2001 and 2002 was very low, and there were no treatment x Numbers followed by the same letter within each main effect, interaction, and year are not significantly different from each other at P = 0.05. Mean separations were performed using least significant difference. y Numbers followed by the same letter within each main effect, interaction, and year are not significantly different from each other at P = 0.05. Mean separations were performed using contrasts. z Incidence of seed with symptoms of seed coat mottling.
effects. However, seed transmission rates as high as 90% have been reported in older germ plasm (6, 43) . Variety improvement and the identification of resistance genes to SMV have made it a less significant pathogen today than in previous years (6, 16, 21) . With the introduction of a very efficient insect vector which is now ubiquitous in the Upper Midwest and Canada, SMV may again become an important pathogen in the areas where both the virus and the aphid are present.
A. glycines is now an established pest on soybeans in North America. Since its first discovery in Wisconsin (10) , it has expanded its range across North America in soybean growing areas. At the time these studies were initiated, very little was known about the aphid's biology in the United States and Canada. Since then, it has been determined how the aphid overwinters (56) , its natural enemies (48) , and its capacity as a vector (10, 22, 34, 35, 57) . Our results are very similar to those seen in Asia, where the aphid has been a problem for many years (60) . In both Asia and Wisconsin, it has been found that A. glycines is an important vector of SMV, the incidence of SMV is closely related to the presence of alate aphids, and A. glycines represents the most abundant aphid species in soybeans, accounting for 64% of the total alate aphids in Chinese studies and 77 to 89% in these experiments (60) . Fundamental research is underway to find the best methods to control A. glycines and the viruses it spreads.
